Background: Both p38 and c-Met are implicated in the tumorigenesis of cholangiocarcinoma. Results: The inhibition of p38 inhibits human cholangiocarcinoma cell proliferation and invasion through reducing the basal activity of c-Met. Conclusion: c-Met contributes to the pro-tumorigenic action of p38 in human cholangiocarcinoma cells. Significance: We identify a novel molecular mechanism that contributes to understanding the pro-tumorigenic activity of p38 in human cholangiocarcinoma cells.
Pro-tumorigenic function of the p38 kinase plays a critical role in human cholangiocarcinogenesis. However, the underlying mechanism remains incompletely understood. Here, we report that c-Met, the tyrosine kinase receptor for hepatocyte growth factor (HGF), contributes to the pro-tumorigenic ability of p38 in human cholangiocarcinoma cells. Both p38 and c-Met promote the proliferation and invasion of human cholangiocarcinoma cells. Importantly, inhibition or knockdown of p38 decreased the basal activation of c-Met. Tyrosine phosphatase inhibitor studies revealed that p38 promotes the activity of c-Met, at least in part, by inhibiting dephosphorylation of the receptor. Moreover, density enhanced phosphatase-1 (DEP-1) is involved in p38-mediated inhibiting dephosphorylation of c-Met. Furthermore, p38 inhibits the degradation of c-Met. Taken together, these data provide a potential mechanism to explain how p38 promotes human cholangiocarcinoma cell proliferation and invasion. We propose that the link between p38 and c-Met is implicated in the progression of human cholangiocarcinoma.
Cholangiocarcinoma is highly aggressive malignancy of the bile ducts with poor prognosis (1, 2) . Cholangiocarcinoma often arises from background conditions that cause long term inflammation, injury, and reparative biliary epithelial cell proliferation (3) (4) (5) (6) (7) . Despite advances in therapy, the prognosis of cholangiocarcinoma remains very poor. It is well known that inhibition the proliferation and invasion of malignant biliary epithelial cells would be a potential strategy for the treatment of cholangiocarcinoma. However, little is known about the molecular mechanism responsible for proliferation and invasion of cholangiocarcinoma cells. Elucidation of the intracellular signaling events mediating proliferation and invasion of cholangiocarcinoma cells will contribute to the development of potential therapeutic targets for cholangiocarcinoma treatment.
Recent evidence suggests that the tyrosine kinase c-Met, the receptor for hepatocyte growth factor (HGF), 3 is important in cholangiocarcinoma (6, 8 -10) . Overexpression of c-Met has been reported as a poor prognostic factor in cholangiocarcinoma patients (8, 11) . Upon HGF binding, Tyr-1234 and Tyr-1235 residues in the catalytic domain of c-Met are phosphorylated and the receptor is activated (12) . Once activated, c-Met activates multiple downstream signaling pathways, such as the PI3K/Akt and MEK/ERK pathways (13) (14) (15) (16) (17) . Through these downstream pathways, HGF/c-Met governs numerous important cellular responses, including cellular proliferation, differentiation, and migration (18 -21) . In cancer cells, c-Met signaling plays an important role in initiating invasion and triggering metastasis (22) . c-Met is a promising target for treatment of cholangiocarcinoma, but the mechanism for the deregulation of c-Met activity in human cholangiocarcinoma cells still remains unknown.
p38, a mitogen-activated protein kinase (MAPK), plays an important role in converting extracellular stimuli into a wide range of cellular responses, including inflammatory response, differentiation, proliferation, apoptosis, and survival (23) (24) (25) (26) (27) . The role of p38 in tumor suppression has been proposed, and this function of p38 is mostly mediated by negative regulation of cell cycle progression and induction of apoptosis (23, 28 -30) . However, p38 also exerts oncogenic action through promoting proliferation, invasion, inflammation, and angiogenesis (31) (32) (33) . The deregulation of p38 has been described in cholangiocarcinoma. Overexpression of p38␦ has been observed in human cholangiocarcinomas, and elevated p38␦ expression plays an important role in cholangiocarcinoma metastasis (34) . p38 is essential for promoting the growth and maintaining the transformed cell phenotype in malignant human cholangiocytes (35) (36) (37) . Moreover, activation of p38 in cultured cholangiocarcinoma cells results in decreasing CDK inhibitor p21 WAF1/CIP1 expression, and promoting proliferation (36) . These data suggest that p38 is a key oncogenic player in cholangiocarcinogenesis. Thus, it is necessary to uncover the detailed molecular mechanism responsible for the pro-tumorigenic function of p38 in cholangiocarcinoma.
In light of recent evidence showing that p38 is implicated in the pro-tumorigenic function of HGF/c-Met signaling (17, 38, 39) , this study was designed to evaluate the link between c-Met and p38 in human cholangiocarcinoma cells. Our data reveal that both p38 and c-Met are required for proliferation and invasion in human cholangiocarcinoma cells. In human cholangiocarcinoma cells, p38 is not the downstream effector of c-Met. On the contrary, p38 is a key regulator of the activity of c-Met. p38 maintains high basal activity of c-Met, at least in part, through inhibiting dephosphorylation of the receptor. Moreover, p38 inhibits the degradation of c-Met upon protein synthesis inhibitor cycloheximide (CHX) treatment. Taken together, our findings suggest that c-Met contributes to protumorigenic function of p38 in human cholangiocarcinoma cells.
MATERIALS AND METHODS
Chemicals and Antibodies-Cell counting kit-8 (CCK8) was purchased from Sigma. p38 MAPK inhibitor SB203580, PI3K inhibitor LY294002, MEK inhibitor U0126, JNK inhibitor SP600125, and the p38 agonist anisomycin were purchased from Merck. Recombinant human HGF was purchased from PeproTech. The c-Met inhibitor PF-2341066 was purchased from Selleck Chemicals. The human active DEP-1 kit was purchased from R&D Systems. DEP-1 and C-MET siRNA, BCA assay, and antibodies against DEP-1 and ␤-actin were purchased from Santa Cruz Biotechnology. P38 MAPK siRNA and antibodies against phospho-Akt (Ser-473), phospho-ERK (Thr-202/Tyr-204), phospho-Met (Tyr-1234/1235), phospho-p38 MAPK (Thr-180/Tyr-182), phospho-c-Jun, phospho-MAP-KAPK2, Akt, ERK, c-Met, and p38 MAPK were purchased from Cell Signaling Technology. Constitutively active MKK6 plasmid was purchased from Addgene.
Cell Culture and Treatments-Human cholangiocarcinoma cell lines QBC939, RBE, and HCCC-9810 were cultured in RPMI 1640 medium, and hepatocellular carcinoma cell lines MHCC-97H and HepG2 were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in a humidified incubator containing 5% CO 2 and 95% ambient air at 37°C. The protocol used for P38, C-MET, and DEP-1 knockdown has been previously described (17) .
Western Blot-Cells were lysed in Triton lysis buffer (20 mM Tris, pH 7.4, 137 mM NaCl, 10% glycerol, 1% Triton X-100, 2 mM EDTA, 1 mM PMSF, 10 mM sodium fluoride, 5 mg/ml of aprotinin, 20 mM leupeptin, and 1 mM sodium orthovanadate) and centrifuged at 12,000 ϫ g for 15 min. Protein concentrations were measured using the BCA assay. Protein samples were denatured with 4ϫ SDS-loading buffer (200 mM Tris, pH 6.8, 8% SDS, 400 mM DTT, 0.4% bromphenol blue, 40% glycerol) at 100°C for 5 min and subjected to standard SDS-PAGE and Western blot analysis as previously described (17) .
Cell Counting Kit-8 Assay-QBC939, RBE, and HCCC-9810 cells were trypsinized and seeded at 3 ϫ 10 3 cells/well in 96-well plates. After 24 h, various doses of inhibitors were added and incubated for the indicated time periods. Then, 20 l of CCK8 solution (5 g/liter) in phosphate-buffered saline (PBS) was added. After incubation for an additional 2 h, the absorbance value in each well was measured using a microculture plate reader (Bio-Tek, USA) at a wavelength of 490 nm.
Cell Migration and Invasion Assay-QBC939, RBE, and HCCC-9810 cells were transferred to 24-well Transwell chambers (Costar, Corning, NY). For migration assay, cells were seeded in the upper Transwell chamber at 1 ϫ 10 5 cells/well. For the invasion assay, cells were seeded in the upper Matrigelcoated Transwell chamber at 2 ϫ 10 5 cells/well. The inhibitors were added at the indicated concentrations used for the treatment, in both the upper and lower chambers. After incubation at 37°C for the indicated time periods, migrated and invaded cells were fixed in 95% ethanol, stained with a solution of 2% crystal violet in 70% ethanol, and counted under an inverted microscope. Three fields were randomly chosen and the numbers of migrated and invaded cells were counted.
DEP-1 Activity Assay-DEP-1 activity was assayed in 96-well plates in a buffer containing final concentrations of 25 mM HEPES (pH 7.3), 5 mM DTT, and 10 g/ml of bovine serum albumin (BSA) using DADEY(PO 3 )LIPQQ as a substrate. Activity was measured by following the increase in absorbance at 620 nm using a microculture plate reader (Bio-Tek, USA).
Statistical Analysis-Results were expressed as the mean Ϯ S.D. Statistical analysis was performed using Student's t test. p Ͻ 0.05 was considered statistically significant. MAPKAPK2, a downstream effector of p38, in SB203580-treated human cholangiocarcinoma cells. The data showed that SB203580 inhibited the phosphorylation of MAPKAPK2 (Fig.  1 , B-D), indicating that SB203580 blocked the activity of p38 in human cholangiocarcinoma cells. These data indicate that p38 is a potent promoter of proliferation and invasion in human cholangiocarcinoma cells.
RESULTS

p38 Promotes Proliferation and Invasion in Human Cholan
p38 Maintains High Basal Activity of c-Met-Given that p38 is a downstream effector of HGF/c-Met signaling in some types of cancer (17, 38, 39) , and HGF/c-Met has been reported to be involved in the carcinogenesis of cholangiocarcinoma (8 -10), we tested the expression of phosphorylated c-Met in human cholangiocarcinoma cells. As shown in Fig. 2A , QBC939, RBE, and HCCC-9810 cells showed strong expression of phosphorylated c-Met. Then, the role of c-Met in regulating the activation of p38 was investigated. The data show that the phosphorylation of p38 is not regulated by c-Met (supplemental Fig. S1 ), suggesting that p38 is not the downstream effector of c-Met in human cholangiocarcinoma cells.
We addressed whether p38 participates in regulating the activation of c-Met. The levels of phosphorylated c-Met were measured in p38 inhibitor SB203580-treated human cholan- giocarcinoma cells. Fig. 2 , B and C, showed that SB203580 decreased the levels of phosphorylated c-Met in human cholangiocarcinoma cells in a dose-and time-dependent manner. Moreover, suppression of p38 expression also decreased phosphorylated c-Met in human cholangiocarcinoma cells (Fig. 2D) . To further confirm the role of p38 in sustaining the levels of phosphorylated c-Met, MHCC-97H and HepG2 cells were used in our study. As shown in Fig. 2E , strong expression of phosphorylated c-Met was detected in MHCC-97H cells, but not in HepG2 cells. In comparison with HepG2, MHCC-97H cells showed strong expression of phosphorylated p38 (Fig. 2E) . Importantly, p38 inhibition decreased the levels of phosphorylated c-Met in MHCC-97H cells (Fig. 2F) . Moreover, HGF-induced c-Met activation was increased by a constitutively active MKK6 expression vector in HepG2 cells (Fig. 2G) . These data indicate that p38 plays an important role in sustaining c-Met activity.
Because p38 is essential for HGF expression and secretion, we further investigated whether basal activation of c-Met was due to p38-mediated autocrine secretion of HGF. The enzymelinked immunosorbent assay (ELISA) analysis failed to demonstrate any HGF secreted by QBC939, RBE, and HCCC-9810 cells (supplemental "Materials and Methods" and data not shown). As the mutations in the C-MET gene correlate with autoactivation of the receptor in multiple different cancers (40 -42), we investigated whether activation of c-Met in human cholangiocarcinoma cells was due to a mutation. Sequencing the C-MET gene demonstrated that none of the reported mutations was found in human cholangiocarcinoma cells (supplemental "Materials and Methods" and data not shown). Taken together, these results suggest that p38 is responsible for sustained high basal activity of c-Met independent of HGF production in human cholangiocarcinoma cells.
p38 Inhibits the Dephosphorylation of c-Met-To confirm that c-Met can be phosphorylated by p38, the p38 agonist anisomycin was used in our study. Compared with HGF treatment, anisomycin had no effects on c-Met activation in serumstarved HCCC-9810 cells (supplemental Fig. S2 ), indicating that c-Met cannot be phosphorylated by p38. To determine whether p38 inhibits the dephosphorylation of c-Met, we investigated the effects of the tyrosine phosphatase inhibitor sodium orthovanadate on p38 inhibition-mediated c-Met inactivation. As shown in Fig. 3A , sodium orthovanadate inhibited SB203580-mediated c-Met inactivation in human cholangiocarcinoma cells. However, sodium orthovanadate had no effect on the inhibition on the c-Met inhibitor PF-2341066-mediated c-Met dephosphorylation (Fig. 3A) . Together, this data suggest that p38 promotes basal activation of c-Met through inhibiting its dephosphorylation. To further confirm the role of p38 in inhibiting c-Met dephosphorylation, the effects of p38 inhibition on HGF-induced c-Met activation were investigated. The results revealed that the p38 inhibitor SB203580 decreased phosphorylation of c-Met upon HGF engagement in serumstarved HCCC-9810 cells (Fig. 3B) . More importantly, SB203580-mediated down-regulation of c-Met phosphorylation was inhibited by sodium orthovanadate in HGF-treated HCCC-9810 cells (Fig. 3C) , confirming that p38 maintains high basal activation of c-Met, at least in part, through preventing c-Met dephosphorylation.
Given that density-enhanced phosphatase-1 (DEP-1) plays an essential role in the dephosphorylation of c-Met (43-45), we postulated that p38 may inhibit the activity of DEP-1. To evaluate this hypothesis, we examined the potential effects of p38 on the activity of DEP-1 in human cholangiocarcinoma cells. As shown in Fig. 3D , both p38 inhibitor SB203580 and P38 siRNA increased the activity of DEP-1. Furthermore, suppression of the expression of DEP-1 inhibited c-Met dephosphorylation upon SB203580 treatment (Fig. 3E) . These findings indicate that DEP-1 is involved in p38 inhibition-induced c-Met inactivation in human cholangiocarcinoma cells.
p38 Inhibits the Degradation of c-Met-It has been shown that internalization and proteasome-mediated degradation of c-Met are important in negatively regulating c-Met signaling (46 -50) . To test whether p38 is involved in regulating the stability of c-Met, CHX was employed. The data showed that p38 inhibition promoted the degradation of c-Met in response to CHX (Fig. 4A) . The role of p38 in regulating the stability of c-Met in human cholangiocarcinoma cells was confirmed by suppression of the p38 expression (Fig. 4B) . Furthermore, constitutively active MKK6 expression induced p38 activation and inhibited the degradation of c-Met upon CHX treatment (Fig.  4, C and D) . Because the phosphorylation of c-Met is an important trigger for receptor degradation (17, 46) , the role of the c-Met inhibitor PF-2341066 in the regulation of p38-mediated c-Met stability was investigated. It is notable that SB203580-promoted c-Met degradation was blocked by PF-2341066 pretreatment (Fig. 4E ). This data implies that p38 can positively regulate c-Met signaling by inhibiting its degradation. (Fig. 5A) . The role of c-Met in promoting human cholangiocarcinoma cell proliferation was confirmed by the suppression of c-Met expression (Fig. 5A) . Furthermore, migration (Fig. 5B) and invasion (Fig. 5C ) of human cholangiocarcinoma cells was significantly suppressed by c-Met blocking or knockdown. The effects of inhibitor and siRNA on c-Met inhibition were confirmed by Western blot (Fig. 5D) . Thus, c-Met is a potent promoter of proliferation and invasion of human cholangiocarcinoma cells.
c-Met Promotes Proliferation and Invasion of Human Cholangiocarcinoma Cells-To
p38 Inhibition Down-regulates c-Met Downstream PathwaysAs PI3K/Akt and MEK/ERK are two typical downstream pathways of c-Met (13, 14, 17) , we tested whether the phosphorylation of Akt and ERK are c-Met-dependent in human cholangiocarcinoma cells. The results showed that c-Met activity inhibition and its expression suppression obviously decreased the phosphorylation of Akt and ERK (Fig. 6, A-C (Fig. 7A) . Furthermore, migration and invasion of human cholangiocarcinoma cells were significantly suppressed by blocking the activity of PI3K and MEK (Fig. 7, B and C) . results showed that C-MET knockdown and p38 blocking had no synergy effect on the inhibition of RBE cell invasion (Fig.  8A) , implying that c-Met is involved in the oncogenic function of p38. To further confirm the role of c-Met in the pro-tumorigenic activity of p38, the constitutively active MKK6 expression vector was used to activate p38 in RBE cells. The results showed that both RBE cell invasion and Akt or ERK activation promoted by MKK6/p38 were inhibited by c-Met blocking (Fig.  8, B and C) . Moreover, c-Met blocking-mediated inhibition of RBE cell invasion and inactivation of Akt and ERK were attenuated by the activation of MKK6/p38 (Fig. 8, B and C) , indicating that p38 promotes carcinogenesis of cholangiocarcinoma is partially, but not totally, dependent on c-Met. Taken together, these data suggest that p38 promotes the development of cholangiocarcinoma, at least in part, through sustaining the activity of c-Met.
DISCUSSION
Although p38 is implicated in the carcinogenesis and progression of cholangiocarcinoma, it is unclear how p38 exerts its pro-tumorigenic action. The present work reveals that p38 promotes proliferation and invasion of human cholangiocarcinoma cells, at least in part, through sustaining high basal activation of c-Met. c-Met has been reported to be associated with a wide variety of human malignancies, including colon, gastric, lung, breast, prostate, liver, and bile duct cancer (51) (52) (53) . Based on the data that blocking c-Met by PF-2341066 inhibited proliferation and invasion of human cholangiocarcinoma cells, we suggest c-Met can exert its oncogenic potential both by stimulating cell proliferation and promoting invasion. In human cholangiocarcinoma cells, the PI3K/Akt and MEK/ERK pathways were partially regulated by c-Met, indicating the PI3K/Akt and MEK/ ERK pathways are involved in the oncogenic activity of c-Met. c-Met signaling plays an essential role in the development of cholangiocarcinoma, but the detailed mechanism of the aberrant activation of c-Met remains unknown. The aberrant activation of c-Met is strongly associated with overexpression of HGF/c-Met, and C-MET gene mutation, rearrangement, or amplification (39) . As the phosphorylation of c-Met is independent of HGF engagement and C-MET gene mutation in human cholangiocarcinoma cells, it is necessary to address the mechanism how human cholangiocarcinoma cells sustain high basal activity of c-Met.
It has been reported that the p38 pathway, which is involved in the development of cholangiocarcinoma, is one of the c-Met downstream pathways (39) . Thus, we tested the potential link between p38 and c-Met. As our data showed that p38 is not regulated by c-Met, we suggest that p38 is not the effector of c-Met in the tumorigenesis of human cholangiocarcinoma. Interestingly, both blocking the activity and suppression of the expression of p38 decreased basal c-Met phosphorylation in human cholangiocarcinoma cells. These data suggest that c-Met is the downstream pathway, but not upstream pathway, of p38 in human cholangiocarcinoma cells. The role of p38 in sustaining the activity of c-Met was confirmed by our data that MKK6/p38 activation increased the activation of c-Met upon HGF treatment. Considering that both the PI3K/Akt and MEK/ ERK pathways were involved in the oncogenic role of c-Met and p38 in human cholangiocarcinoma cells, it is reasonable to suggest that p38 can exert pro-tumorigenic effects through c-Met/ Akt and c-Met/ERK signaling. Because inhibition of c-Met tyrosine kinase activity by PF-2341066 attenuated Akt or ERK activation as well as the promotion of cell invasion induced by MKK6/p38, it is reasonable to draw the conclusion that p38 promotes the carcinogenesis of cholangiocarcinoma, at least in part, through sustaining the activity of c-Met. An important question now before us is how p38 sustains high basal activation of c-Met. Based on our findings, we propose that p38 cannot phosphorylate c-Met. As protein-tyrosine phosphatase has been implicated in negatively regulating HGF/ c-Met signaling by dephosphorylating the phosphotyrosine residues of c-Met, we suspected that p38 might inhibit proteintyrosine phosphatase-mediated dephosphorylation of c-Met. This hypothesis was supported by the data, which demonstrated that the tyrosine phosphatase inhibitor sodium orthovanadate inhibited the inactivation of c-Met induced by p38 inhibition. The role of p38 in inhibiting c-Met dephosphorylation was further supported by the data that inhibition of p38 up-regulated the activity of c-Met phosphatase DEP-1. Moreover, DEP-1 knockdown suppressed c-Met dephosphorylation induced by p38 inhibition, confirming that p38 can sustain high basal activity of c-Met through inhibiting its phosphatase. Furthermore, inhibition of other MAPK family members MEK and JNK did not affect the phosphorylation levels of c-Met (supplemental Fig. S3 ), indicating the effects of p38 in c-Met activity regulating is specific.
In addition to dephosphorylation, the degradation of c-Met also plays an essential role in negatively regulating HGF/c-Met signaling (46) . Thus, the role of p38 in regulating the stability of c-Met was tested. It is notable that neither p38 inhibition nor p38 activation had effects on the protein level of c-Met. However, p38 inhibited the degradation of c-Met in CHX-treated human cholangiocarcinoma cells. Furthermore, p38 inhibition-promoted c-Met degradation was abolished by c-Met inhibitor pretreatment. Further studies are needed to investigate the mechanism of this effect of c-Met inhibition on c-Met degradation upon p38 blocking. Thus, we suggest that inhibiting the degradation c-Met also is involved in the role of p38 in positively regulating HGF/c-Met signaling.
In brief, the present work reveals that c-Met contributes to the protumorigenic function of p38 in human cholangiocarcinoma cells. High levels of phosphorylated p38 and c-Met are found in human cholangiocarcinoma cells. Inhibition of c-Met dephosphorylation by p38 is required for maintaining the sustained c-Met activation. Sustained c-Met activation results in constitutive activation of c-Met downstream pathways, which leads to proliferation and invasion of human cholangiocarcinoma cells (Fig. 9) . More detailed studies on the mechanism of p38 and c-Met aberrant activation and their role in cholangiocarcinoma will contribute to the understanding of molecular mechanisms of cholangiocarcinogenesis and the development of new therapeutic strategies against cholangiocarcinoma.
